Angiogenesis, the formation of blood vessels from pre-existing ones, is a key event in pathology, including cancer progression, but also in homeostasis and regeneration. As the phenotype of endothelial cells (ECs) is continuously regulated by local biomechanical forces, studying endothelial behaviour in altered gravity might contribute to new insights towards angiogenesis modulation. This study aimed at characterizing EC behaviour after hypergravity exposure (more than 1g), with special focus on cytoskeleton architecture and capillary-like structure formation. Herein, human umbilical vein ECs (HUVECs) were cultured under two-dimensional and three-dimensional conditions at 3g and 10g for 4 and 16 h inside the large diameter centrifuge at the European Space Research and Technology Centre (ESTEC) of the European Space Agency. Although no significant tendency regarding cytoskeleton organization was observed for cells exposed to high g's, a slight loss of the perinuclear localization of b-tubulin was observed for cells exposed to 3g with less pronounced peripheral bodies of actin when compared with 1g control cells. Additionally, hypergravity exposure decreased the assembly of HUVECs into capillary-like structures, with a 10g level significantly reducing their organization capacity. In conclusion, short-term hypergravity seems to affect EC phenotype and their angiogenic potential in a time and g-level-dependent manner.
Introduction
Mechanical forces are known to influence the structural and functional properties of tissues at cellular, molecular and genetic levels. Indeed, mechanotransduction induces both rapid responses and slower adaptive changes to a sustained mechanical environment [1] . Endothelial cells (ECs), which constitute the inner layer of blood vessels (the endothelium), are biomechanically responsive cells, given that their phenotype and function are continuously conditioned by local haemodynamics (fluid shear stress, pressure and associated stretch) [2] . Mechanical forces acting on ECs are responsible for regulating angiogenic and inflammatory responses [3, 4] . Angiogenesis is the process of blood vessel formation from pre-existing ones, playing a crucial role throughout postnatal life in physiological (e.g. wound healing and the menstrual cycle) and pathological events (e.g. inflammatory diseases and tumour growth), as well as in tissue remodelling and regeneration. Therefore, the ability to modulate & 2016 The Author(s) Published by the Royal Society. All rights reserved.
the angiogenic response might have strong implications for the development of new strategies in tissue engineering or new approaches in cancer treatment.
Recent advances in the field of biotechnology are generating an increasing interest on ground-based hypergravity (more than 1g) research towards a basic understanding of the effects of accelerations on living systems with sophisticated tools and equipment [5] . Microgravity, on the other hand, is known to accelerate some aspects of cellular senescence, namely via oxidative stress [6] , and is considered a model for the study of mechanisms involved in ageing biology [7, 8] . Overall, loading forces and gravity have essential effects, yet to be fully understood, on the development and homeostasis of several tissues in the human body [9, 10] . Concerning angiogenesis, alterations in gravitational force are known to affect EC integrity and behaviour [8, 11, 12] . In general, previous studies have demonstrated that both phenotype and function of ECs are affected by changes in gravitational force (i.e. micro-and hypergravity) [11] [12] [13] [14] [15] . As reviewed by Maier et al. [8] , both micro-and hypergravity have been demonstrated to impact EC migration and proliferation; to increase nitric oxide synthesis, which is an endothelial survival factor with a role in angiogenesis [16] ; and to result in cytoskeletal rearrangements. Nevertheless, a lack of conclusive data exist owing to rare test facilities and non-standardized experimental conditions [8] and consequently, EC response to altered gravity conditions, in particular hypergravity, is still poorly understood.
Therefore, the aim of this study was to evaluate (i) the behaviour of ECs immediately after exposure to hypergravity conditions; (ii) the effect of exposing ECs to hypergravity in a three-dimensional microenvironment; and (iii) the behaviour of ECs in a pre-stimulation setting (i.e. ECs cultured at 1g after being exposed to hypergravity). The hypothesis underlying this work is that the pre-stimulation of ECs with hypergravity conditions alters their phenotype and functions in terms of their assembly into capillary-like structures in vitro. For that purpose, cytoskeleton organization was evaluated in two-dimensional cultures, whereas the angiogenic potential was assessed in ECs cultured in three dimensions. Indeed, alterations in the cytoskeleton were evaluated, as this cellular structure is a major responder to mechanical forces [17] , including alterations in gravity. Moreover, the functionality of ECs was assessed in a threedimensional matrigel matrix, which constitutes a suitable environment for EC assembly into capillary-like structures [18] . In addition, different times of exposure (4 and 16 h) and g levels (3 and 10g) were studied.
Material and methods

Culture of human umbilical vein endothelial cells
Human umbilical vein ECs (HUVECs) (ScienCell) were cultured in 0.2% (w/v) gelatin (Merck)-coated flasks in EC growth medium-2 (EGM-2, Lonza) supplemented with 5% (v/v) inactivated fetal bovine serum (FBS, Sigma) and maintained in a humidified atmosphere with 5% CO 2 and 95% air at 378C. The medium was refreshed every 2 days until 90% confluence was reached. Before being used in the experiments, cells were trypsinized through exposure to a trypsin solution for 30 s, followed by incubation at 378C for 5 min and detachment with the addition of suitable amounts of culture medium, avoiding additional centrifugation steps.
Hypergravity simulation using a large diameter centrifuge
Hypergravity experiments were performed using the large diameter centrifuge (LDC) (Zeugma) available at the European Space Research and Technology Center (ESTEC, European Space Agency, ESA, Noordwijk, The Netherlands). The LDC has a maximum diameter of 8 m, being composed of four arms that can accommodate a total of six free-swinging gondolas in addition to a central gondola (rotation control), thus supporting hypergravity levels between 1 and 20g [19] . The gondolas swing out, resulting in an acceleration vector perpendicular to the samples surface [20] . In this work, experiments were run either at 3 or 10g during periods of 4 and 16 h, with the LDC needing about 1 min to reach its final rotational speed. For all experiments, cell culture incubators were placed inside the gondolas in order to maintain an atmosphere with 5% CO 2 and 95% air at 378C. Additionally, temperature and CO 2 sensors were included in the set-up.
Exposure of human umbilical vein endothelial cells to hypergravity under two-or three-dimensional conditions
To evaluate the influence of hypergravity on the morphology and organization of ECs, HUVECs were cultured either in two or three dimensions, exposed to hypergravity (4 h at 3g and 16 h at 3 and 10g) and immediately analysed or further cultured in three dimensions for 24 h under normogravity (1g) conditions and then analysed. Figure 1 schematically describes the experimental procedure. For two-dimensional cultures, cells were seeded on top of 0.2% (w/v) gelatin-coated 13 mm tissue culture polystyrene coverslips inside 24-well plates. HUVECs were seeded at a density of 3.5 Â 10 4 cells well 21 in 500 ml of EGM-2 and allowed to adhere for 1 h 30 at 1g at 378C in a humidified 5% CO 2 atmosphere. Then, plates were transferred to the LDC to be exposed to hypergravity conditions. After each LDC run, part of the cells cultured under two-dimensional conditions were fixed for analysis, whereas the remaining cells of the two-dimensional cultures were transferred to three-dimensional normogravity cultures before analysis.
For three-dimensional cultures, an overlay method was used. For this, growth factor reduced basement membrane matrix (GFR-Matrigel, 200 ml well
21
; Corning) was added to each well in 24-well culture plates and incubated at 378C for 30 min to allow for matrigel polymerization. Then, 3 Â 10 4 cells well 21 in 500 ml of EGM-2 were added on top of the matrigel layer. HUVECs were maintained at 1g for 1 h 30 at 378C in a humidified 5% CO 2 atmosphere to allow their adhesion to matrigel. Afterwards, plates were transferred to the LDC to be exposed to hypergravity conditions, as previously mentioned. The assembly of HUVECs into capillary-like structures was evaluated as described below. , Sigma, 1 : 1000 in PBS) for 10 min. All samples were visualized and photographed under a confocal microscope (CLSM Leica SP2 AOBS; Leica Microsystems).
Cell morphology was then evaluated in a minimum of 50 cells per condition using IMAGEJ software (http://rsb.info.nih.gov/ij). Cells were evaluated in terms of area, circularity, solidity and roundness as described elsewhere [21] : (i) circularity ¼ 4p area perimeter 22 , where area and perimeter are the area and perimeter of each cell; (ii) solidity ¼ area/convex area, where convex area is the area of the smallest convex polygon containing the cell; and (iii) roundness ¼ width length 21 of the smallest rectangle enclosing the cell.
In addition, the overall actin filament orientation was studied using two-dimensional Fourier transform and principal component analysis (PCA) [22] . First, the Fourier transform was used to retrieve the frequency information of the green channel of the confocal microscopy images. Then, PCA was used to retrieve the main components of the frequency's magnitude. The ratio between the eigenvalues of the two PCs enabled assessment of the overall orientation of the filaments. A higher ratio value is indicative of a higher preferred orientation.
Assembly into capillary-like structures by threedimensional matrigel assay
In order to evaluate the influence of hypergravity on the ability of HUVECs to organize into capillary-like structures, a threedimensional matrigel assay was performed. For this, cells were seeded on top of a thick layer of matrigel, as described in detail above. Matrigel samples were observed and photographed using an inverted light microscope at two time points: (i) immediately after leaving the LDC and (ii) 24 h after 1g culture following hypergravity pre-stimulation. In the pre-stimulation condition, HUVECs were first exposed to hypergravity in two-or three-dimensional cultures. After being cultured in two dimensions under hypergravity conditions, HUVECs were trypsinized and seeded onto matrigel (figure 1c). In the case of three-dimensional cultures, the number of capillary-like structures was determined after exposure to hypergravity, and then these cultures were re-incubated for an additional 24 h period at 1g (figure 1c). Subsequently, images were collected and the number of capillary-like structures was quantified. For each condition, images from the middle and the corners of three independent wells were acquired. The number of capillary-like structures formed by ECs were manually quantified using the open-sourced IMAGEJ software (v. 1.42).
Statistical analyses
All experiments were performed in triplicate. Quantifications are expressed as mean + standard deviation. One-way analysis of variance with Tukey tests was used to compare between more than two groups. A difference between experimental groups was considered significant with a confidence interval of 95%, whenever p , 0.05.
Results
Adaptive response of human umbilical vein endothelial cells under hypergravity
To understand the acute impact of acceleration on the behaviour of ECs, HUVECs were cultured under 3g hypergravity for 4 h. After the LDC run, the characteristic polygonal shape of ECs Figure 1 . Schematic of the experimental design. (a) HUVECs were exposed to hypergravity in two-dimensional cultures and then modifications in cytoskeleton organization were analysed. (b) HUVECs were exposed to hypergravity in three-dimensional cultures, and then the number of capillary-like structures was determined. (c) HUVECs were pre-stimulated under hypergravity conditions and then exposed to normogravity (1g) for 24 h, as follows: (i) HUVECs were exposed to hypergravity in two-dimensional cultures, re-seeded in three-dimensional cultures and re-incubated for an additional period of 24 h at 1g; subsequently, the number of capillary-like structures was determined; (ii) HUVECs were exposed to hypergravity in three-dimensional cultures (in condition b) and subsequently re-incubated for an additional period of 24 h at 1g and the number of capillary-like structures was again quantified. (Online version in colour.)
was still maintained in two-dimensional cultures (figure 2a), with no significant differences being observed in terms of cell area, circularity, solidity or roundness (figure 2b). Nevertheless, slight differences were detected in the organization of cytoskeletal proteins. Indeed, b-tubulin was found to localize mainly around the nuclei in the control cells (figure 2a, red arrows), which was not observed in cells cultured under 3g hypergravity condition. Additionally, the dense peripheral bodies of actin, which were easily visualized in control HUVECs (figure 2a, green arrows), were found to be less pronounced in HUVECs subjected to 3g during a 4 h period and to align with the major axis of the cell (figure 2a, dashed green arrows), but with no overall preferential orientation (figure 2c). Given that no significant effects were observed on HUVECs exposed to 3g for 4 h, the behaviour of ECs cultured in two dimensions was studied during a longer exposure time (16 h) and a higher g-level (10g). Similar to the response observed at 3g for 4 h, HUVECs cultured either at 3 or 10g for 16 h exhibited a characteristic polygonal shape (figure 3a), and no major differences in the evaluated parameters regarding cell morphology were notable (figure 3b). Moreover, the dense peripheral bodies of actin were clearly detected in HUVECs from control conditions (figure 3a, green arrows), although less pronounced in cells exposed to hypergravity and with no overall orientation (figure 3c). Additionally, no differences were evident regarding b-tubulin expression or microtubule organization in HUVECs. Here, a radial distribution was observed inside cells, with a less evident localization around cell nuclei in all conditions tested (figure 3a).
Effect of three-dimensional microenvironment
To better understand the effect of hypergravity on the in vitro functionality of HUVECs, a three-dimensional matrigel assay rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160688 was performed. Herein, the ability of ECs to assemble into a three-dimensional capillary-like network when cultured in a three-dimensional matrix was evaluated under the same hypergravity conditions previously tested in two dimensions. After 4 h of exposure to 3g hypergravity, although there was a slight reduction (not statistically significant) in the formation of capillary-like structures compared with control HUVECs ( figure 4a,b) , there was no significant inhibition of the assembly capacity of HUVECs in matrigel. Indeed, this level and time of exposure to hypergravity was not sufficient to affect the characteristic assembly capability of HUVECs. Therefore, HUVECs cultured in three dimensions were also tested under a longer exposure time (16 h) and at a higher g-level (10g), as described for two-dimensional cultures.
Here, a decrease in the number of capillary-like structures formed in the three-dimensional matrigel assay was observed for HUVECs cultured both at 3 and 10g for 16 h ( figure 5a,b) . Moreover, the exposure of HUVECs to a 10g hypergravity level significantly reduced their ability to organize when embedded in the matrigel matrix, as determined by the number of capillary-like structures (figure 5a) and observed in optical microscopic images (figure 5b).
Pre-stimulation of human umbilical vein endothelial cells under hypergravity
To better understand whether the hypergravity-induced reduction in the formation of capillary-like structures could rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160688 be reversed upon return to 1g, HUVECs were cultured in the three-dimensional matrigel assay at normal gravity conditions for an additional period of 24 h after hypergravity exposure. For this, HUVECs were first exposed to hypergravity in twoor three-dimensional cultures. HUVECs cultured in two dimensions under hypergravity conditions at 3 or 10g for 16 h were then trypsinized and seeded on top of a matrigel layer after determining their viability as described in §3.1. These cells were cultured in three dimensions for 24 h at 1g. By culturing collected HUVECs for an additional period of 24 h in three-dimensional matrigel, no differences were observed in terms of the ability of these cells to organize into capillary-like structures ( figure 6a,b) . Here, similar values were observed for both hypergravity conditions (16 + 3 and 17 + 2 capillary-like structures mm 22 for 3 and 10g, respectively) and the control at 1g (17+2 capillary-like structures mm
22
). Additionally, HUVECs cultured in three-dimensional matrigel under hypergravity conditions for 16 h were also maintained in culture for an additional period of 24 h at 1g. In this case, the number of capillary-like structures was still significantly lower in the 10g compared to the 1g condition ( figure 7a,b) , as it was immediately after hypergravity exposure ( figure 5) . Therefore, the effect of hypergravity on capillary-like structure formation could not be reversed by continued culturing within 24 h under 1g. In addition, there was an overall decrease in the number of capillary-like structures after the additional 24 h period at 1g for all three gravity levels analysed. Indeed, in control cells, there was a reduction from 23 + 2 to 17 + 2 capillary-like structures mm 22 . A similar trend was observed in HUVECs exposed to a pre-stimulation at 3 and 10g, with the number of capillary-like structures mm 22 decreasing from 16 + 2 (after 16 h of hypergravity exposure at 3g) to 13+ 2 (after the 24 h additional period) and from 10 + 3 (after 16 h of hypergravity exposure at 10g) to 9 + 3 (after the 24 h additional period), suggesting the disintegration of the pre-formed capillary-like structures. 
Discussion
There is still little information concerning the behaviour of ECs and angiogenesis under hypergravity, with a few published experimental results even being contradictory, as reviewed by Maier et al. [8] . In this work, the influence of hypergravity on EC behaviour was assessed both in two-and in threedimensional cultures of HUVECs. Herein, 3g hypergravity was selected given that EC behaviour, and in particular HUVEC behaviour, has already been studied under 3g [23] . Moreover, in order to investigate the behaviour of ECs, including their ability to organize into capillary-like structures, when exposed to higher g forces, 10g hypergravity was chosen, based on the fact that other tissue culture experiments have been previously performed at 10g using the LDC system [24] , allowing a comparison of the obtained results with existing literature. Therefore, this experiment aimed at investigating the influence of hypergravity on EC behaviour with a special focus on angiogenesis, particularly on cytoskeletal organization and capillary-like structure formation using different culture conditions (two and three dimensions), time exposure periods (4 and 16 h) and g levels (3 and 10g).
Endothelial cell morphology and cytoskeleton organization under hypergravity
Previous studies on HUVECs did not address the direct effects of hypergravity on cell viability, whereas studies on neuron-like cells and osteoblasts have reported no significant influence on cell viability after exposure to hypergravity [25, 26] . In respect to ECs, a noteworthy aspect is that EC behaviour under altered gravity (both micro-and hypergravity) seems to be highly dependent on the source of ECs, with ECs derived from micro-and macrovessels responding differently to changes in gravitational forces [8] . Strikingly, at the gene level, a hypergravity-induced reduction of the expression of transcription genes encoding for pro-apoptotic factors (e.g. Fas, FasL and Bcl-XL) and an upregulated expression of the anti-apoptotic factor NFkB was reported for ECs both from micro-and macrovascular origin [11, 12] . Although not directly associated with cell viability, these results indicate maintenance of EC survival under hypergravity conditions. Moreover, in this work, the effect of hypergravity in EC morphology was assessed as previously described [21] . Although hypergravity has been suggested to affect cell morphology, particularly for mesenchymal stem cells cultured at 20g for 3 h [21] , no major alterations were observed in this work. These results suggest that morphological adaptation upon hypergravity exposure may be dependent on distinct parameters, including cell type and g-level. Similarly, previous results have shown no significant alterations in actin alignment or structure in HUVECs exposed to 8g for increasing periods of time (5-30 min), in comparison with normogravity conditions [27] . Additionally, as mentioned above, studies regarding the influence of hypergravity on EC behaviour are contradictory owing to the very distinct conditions tested (e.g. cell origin and g-level or exposure duration). Nonetheless, an agreement exists regarding a general effect of hypergravity on cytoskeletal rearrangements [8] . The cytoskeleton is a key player in orchestrating cellular adaptation to mechanical stress, including alterations of gravity [17, 28] . In our study, slight changes could be observed in microtubular and actin cytoskeletal organization and distribution. Although not very substantial, small changes in cytoskeletal structure are known to have major effects on gene expression [17] . Other studies reported more vigorous effects on cytoskeletal structure [12, 29] . Differences between the studies could be due to the shorter duration of experiments, levels of hypergravity used, as well as differences in EC origin, compared with our study. In this work, typical dense peripheral bodies of actin were found to be less pronounced after a shorter exposure (4 h) to 3g hypergravity level. Morbidelli et al. reported a similar effect on actin organization, with control bovine aortic ECs (BAECs) exhibiting a typical peripheral ring, which faded in BAECs exposed to discontinuous hypergravity exposure (5 Â 10 min at 10g with 10 min intervals at 1g) that presented transcytoplasmic stress fibres [12] . On the contrary, a previous study with HUVECs reported an enforcement of the cytoskeleton, with F-actin being organized in a densely packed peripheral ring and its content being significantly increased after exposure to hypergravity (2g for 15 min) [29] . The authors reported an active adaptation and a fast remodelling of EC behaviour through alterations in cell-cell and cell-matrix adhesions, upon very short-term exposure to hypergravity (2g, 15 min) [29] . With regard to microtubular organization, the shorter exposure tested in this work resulted in a radial distribution of b-tubulin in HUVECs cultured under 3g hypergravity for 4 h, in comparison with control cells, which exhibited this protein mainly located around the nuclei. A similar radial distribution was observed in HUVECs cultured under 3 and 10g hypergravity levels for 16 h. These data are in contrast to the existing literature. Morbidelli et al. found that microtubules of hypergravity-exposed BAECs tended to gather mainly in the perinuclear area, in comparison with a homogeneous distribution of tubulin in control cells [12] . Given the long-term exposure we studied (4 and 16 h), the lack of a pronounced change in cytoskeleton might result from an adaptive response of cytoskeletal proteins rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160688 orchestrated by ECs over time. Results regarding hypergravity effects on cytoskeleton rearrangements, particularly at the molecular level, are still scarce. However, previous studies in microgravity conditions evidenced a rearrangement of F-actin after an initial short-term depolimerization response of stress fibres [30] . Here, an initial disruption of F-actin in HUVECs was observed after 5 min, with this effect being more pronounced after 1 h of exposure to simulated microgravity; whereas longer exposure periods (24 h) resulted in a re-organization of F-actin, with a gradual recovery towards a stable state [30] . Thus, HUVECs dynamically change their cytoskeleton as a major responder to altered gravity, with fast changes being detected early after exposure to altered mechanical conditions and subsequent long-term adaptations occurring after prolonged exposure to this stimulus. A similar response may be occurring under the hypergravity conditions tested in this study, as no well-defined differences were observed in F-actin organization between hypergravitystimulated cells and the control at 1g. Overall, currently available research on the impact of hypergravity on ECs is contradictory and, therefore, additional studies at the single-cell, molecular level under fixed experimental settings are necessary towards generating new insights into the influence of hypergravity on cytoskeleton dynamics.
In vitro angiogenesis under hypergravity
In order to further evaluate the influence of hypergravity on the behaviour of HUVECs, the functionality of these cells was assessed by determining their ability to organize into capillarylike structures in vitro. Over the years, different assays have been developed to assess the angiogenic potential of ECs [18, 31, 32] , with the three-dimensional matrigel assay being the most commonly used technique. Hence, besides being cultured in two dimensions, HUVECs were also exposed to hypergravity in three-dimensional culture using a matrigel matrix. Overall, exposure to hypergravity resulted in a decreased ability of HUVECs to organize into capillary-like structures. Indeed, exposure to 3g hypergravity for 4 h already resulted in a slight reduction (although not significant) of the number of capillarylike structures formed, in comparison to the 1g control. The same tendency was observed for a longer exposure period, with HUVECs exhibiting a diminished ability to organize into capillary-like structures after being cultured at 3g for 16 h. Accordingly, Spinsi et al. reported inhibition of the angiogenic behaviour of HUVECs cultured in a three-dimensional collagen gel and exposed to 3g hypergravity for 48 h [33] . Despite the fact that no quantification is presented by the authors, results from this work showed that the formation of capillary-like structures was strongly impaired after culturing cells in a three-dimensional collagen gel at 3g with the addition of basic fibroblast growth factor [33] . In this study, although the number of capillary-like structures formed by HUVECs in three-dimensional matrigel is reduced, no significant differences were detected between cells exposed to 3g for 4 or 16 h and the control at 1g. These results suggest that matrigel might be a more permissive model than collagen gels in terms of EC organization under hypergravity conditions. Accordingly, Spinsi et al. also stated a diminished cell migration into the collagen matrix under hypergravity [33] . In fact, collagen cross-linking generates a tighter packed three-dimensional matrix, which may delay the passage of cells through the gel network, whereas matrigel produces thick but loosely cross-linked gels and it has a great amount of growth factors in its composition [34] . Indeed, stiffness of a three-dimensional matrix has been demonstrated to result in altered cell behaviour, namely of cultured dermal fibroblasts [35] and mesenchymal stem cells [36] not only in terms of cell morphology, but also regarding gene expression potentially impacting the function of cells. Herein, matrigel provides not only a physical support for EC organization, but also an array of biochemical signals that stimulate angiogenesis. Additionally, longer exposure times might not be sufficient to diminish the formation of capillary-like structures, as no significant differences were observed, after culturing HUVECs at 3g for 4 and 16 h, respectively. However, when increasing the g-force applied, from 3 to 10g, a significant reduction was observed in the assembly capacity of HUVECs, when compared with the control. These results suggest that the decrease in the angiogenic behaviour of HUVECs in the three-dimensional matrigel assay might be more dependent on the g-force than on the time of exposure to hypergravity. However, additional studies should be performed in order to clarify the influence of acceleration on the functional behaviour of living cells, namely ECs and angiogenesis. Results concerning the effects of mechanical stress on the assembly of ECs into capillary-like structures in vitro are still poorly understood. For instance, simulated microgravity conditions have been reported to enhance capillary-like structure formation by HUVECs cultured in matrigel [37] . Nonetheless, considering microgravity and hypergravity as having opposite effects is not a straightforward conclusion [8] .
Therefore, to investigate if the diminished ability of HUVECs to organize into capillary-like structures under hypergravity could be reversed upon return to 1g, then a prestimulation study was performed. For this purpose, HUVECs were first exposed to hypergravity (3 and 10g for 16 h) either in two-or three-dimensional cultures. Here, cells cultured in two dimensions were trypsinized after hypergravity stimulation and seeded in a three-dimensional matrigel layer, being incubated for an additional period of 24 h at 1g. In three-dimensional cultures, cells were analysed immediately upon hypergravity stimulation as described above and re-incubated at 1g for 24 h. For both cases, the number of capillary-like structures was determined after the incubation period under normal gravity conditions. Pre-stimulating HUVECs in two dimensions for 16 h (both at 3 and 10g) and subsequently culturing them in three-dimensional matrigel showed no impact on their ability to organize into capillarylike structures, showing that centrifugation and a subsequent trypsinization procedure of ECs prior to cell seeding on threedimensional matrigel does not impact their angiogenic behaviour.
However, HUVECs subjected to pre-stimulation in threedimensional matrigel could not recover from the reduction in their assembly capacity. Here, cells were first exposed to hypergravity in three-dimensional culture in matrigel for 16 h; after, the number of capillary-like structures formed was determined, and cells were further incubated in three-dimensional matrigel for an additional 24 h period at 1g.
To the best of our knowledge, we are the first to study the effect of pre-stimulating ECs under hypergravity and further evaluating their functional behaviour in a threedimensional microenvironment. As previously reported, ECs alone are able to organize in matrigel; however, the number of capillary-like structures formed starts to decrease over time [38] . Although matrigel provides a three-dimensional microenvironment to support EC assembly, rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160688 in an in vivo scenario, vascular structures need to be stabilized by the presence of other supporting cells, such as mural cells (e.g. smooth muscle cells, pericytes) and fibroblasts [39] . For instance, dermal fibroblasts have been demonstrated to support the organization of ECs into capillary-like structures, providing essential matrix components and maintaining these structures for at least 21 days in culture [38, 40] , showing the need to have other cells present in the system to promote stabilization of capillary-like networks. Hence, future studies using more complex systems with co-cultured cells might be helpful in order to highlight stronger evidence on the angiogenic behaviour under hypergravity in an in vivo-like microenvironment. Moreover, the use of simulated hypergravity conditions in the field of tissue engineering is still relatively unexplored and the modulation of cellular functions using such stimulation hold a strong potential towards the development of novel strategies.
Conclusion
This study showed that although hypergravity conditions alter EC behaviour, cell viability seems to be unaffected. Changes in the expression and organization of the cytoskeletal proteins b-tubulin and F-actin after exposing HUVECs to 3 and 10g for 4 and 16 h could be observed. Although not very obvious, these results suggest the existence of an adaptive response orchestrated by ECs cultured under hypergravity conditions. Regarding angiogenesis, hypergravity leads to a decrease in capillary-like structure formation by HUVECs cultured in three-dimensional matrigel. This effect is strongly dependent on the g-level. Altogether, this understanding may generate knowledge towards the establishment of an emerging field with potential applications in cell-based therapies for tissue engineering strategies through the modulation of angiogenesis.
